The present study gives the proof of principle of a technique that is an extension of Kossel diffraction both from crystals to superlattices and toward the soft x-ray region, allowing the characterization of the interfaces within a periodic structure. We measure the intensity of the Co Lα and Mg Kα characteristic fluorescence emissions from a Mg/Co superlattice upon soft x-ray excitation. The observation is made so that the angle between the sample surface and the detection direction is scanned around the first and second Bragg peaks of the fluorescence emissions. Clear modulations of the emitted intensities are observed and well reproduced by simulations based on the reciprocity theorem and assuming a perfect stack. The present work
Spontaneous soft x-ray fluorescence from a superlattice under Kossel diffraction conditions

Introduction
The ionization from a core level of an atom can be followed by a spontaneous recombination accompanied by the emission of a characteristic radiation. In the case of a free atom, the duration of this process is the core hole lifetime and the emission is isotropic. When the atom is embedded in a photonic crystal acting as an optical cavity, such as a crystal or a superlattice, spatial modulation of the emitted intensity can occur in certain directions related to the Bragg diffraction of the radiation. This very first interpretation of x-ray diffraction given by M. Laue was established about twenty years later by Kossel [1, 2] using electron excitation, leading to the observation of the so-called Kossel lines.
Similar observation has been made more recently using electron excitation in a superlattice, in fact a periodic multilayer [3, 4] . The diffraction of the x-ray characteristic radiation produced inside a periodic structure by hard x-rays, electron or ion excitation is now known as Kossel diffraction [5, 6] . It is being used mainly to study crystals and their defects [7] .
As for x-ray fluorescence, i.e. x-ray emission upon excitation by x-rays, to our knowledge only one set of experiments has been performed on a periodic multilayer with an
x-ray tube as a source and a photographic film [8] or a proportional counter [9] as a detector.
This study, performed in the hard x-ray region (0.154 nm), dealt with periodic Fe/C multilayers designed for x-ray optics and was interpreted in terms of Kossel lines [10] .
The Kossel diffraction technique can be viewed as the reverse of the x-ray standing wave (XSW) techniques [6, 11, 12] at grazing exit [13] and in multilayers [14] . However, in grazing exit, these techniques are applied to quantify impurities at the top of the structure or in shallow dopants [15] . Applied to multilayers, it is only used in the grazing incidence mode [13, 16] , generally to probe thin layers deposited on the top of the multilayer [14, 17] or to probe the interfaces of the multilayer itself [18] .
In this paper we show that it is possible to apply this technique in the soft x-ray range,
i.e. for emitted photon having an energy lower than 5 keV or wavelength longer than 0.25 nm.
For this purpose, we present here the study of intensity modulation of the synchrotron-excited soft x-ray fluorescence emissions from atoms present in superlattices, when the sample is rotated around the detected direction corresponding to the Bragg diffraction of the emitted radiation. In this case, the superlattice sample is made of a periodic alternation of bi-layers, each layer having a nanometer thickness. The advantage of using a superlattice is that its period can be designed to fit particular angular and spectral ranges. Moreover, observations in the soft x-ray range, where optical constants are sensitive to the chemical composition can indicate whether interdiffusion takes place at the interfaces of the stacks and thereby predict the optical behaviour of the studied multilayer structures.
Experimental and simulation details
We show in Figure 1 (a) the scheme of our grazing exit fluorescence (GEF) XSW experiment: the sample is rotated so that the glancing angle of detection, i.e. the angle between the sample surface and the x-ray detector, is varied around the Bragg direction of the emitted radiation. In Figure 1 (b) we show how a grazing incidence fluorescence (GIF) XSW experiment is performed: the sample is rotated so that the incidence angle, i.e. the angle between the sample surface and the incident beam, is moved around the Bragg direction of the incident radiation.
The experiments were performed with s-polarized incident primary radiation on the BEAR beamline [19] of the Elettra synchrotron facility, where the angle between the incident and detection directions is fixed and equal to about 60° owing to mechanical constraints. This angle is known within ±1° because it was never precisely measured. Both GEF-and GIF-XSW experiments were performed but we focus here only on GEF-XSW results. In the first case, GEF, the angular resolution is governed by the aperture of the x-ray detector. It involved moving away the detector resulting in a low collected intensity. However, this was partly compensated for by using a large divergent incident beam, thus increasing the incident flux.
In the second case, GIF, the resolution is governed by the divergence of the incident beam, which is generally quite small on synchrotron beam lines. The detection of the fluorescence radiation was done by using a silicon drift detector cooled to around -15°C. In this condition, the spectral resolution is 133 eV at 6.5 keV. The angular aperture of the detector was 0.9°. The simulation model is presented in Ref. [8] and we recall here its main characteristics. In a first step, the intensity of the exciting electromagnetic field, |E ex (i,z)| 2 at a given depth z in the stack and under a given glancing incidence angle i, is calculated. This is done from the recurrent formalism used to calculate the optical properties of stacks from the optical constants and thicknesses of its various layers [14, 20] . Then the fluorescence intensity generated at a depth z from an element of C(z) concentration is proportional to C(z)|E ex (i,z)| 2 .
In a second step, the fluorescence intensity |E fluo (d,z)| 2 arriving at a detection angle d from a source located at depth z is calculated. This is done by applying the reciprocity theorem, which states that the electric field created in the detector by a dipolar source is the same as the one created at the location of the source by a similar source located at the place of the detector. Since the distance between the source and the detector is very large with respect to the layer thickness, E fluo is calculated by using the same formalism as the one used to calculate E ex , assuming a fictive source located at infinity in the detection direction. Finally the intensity of the characteristic fluorescence radiation is proportional to
The studied superlattice has the following structure and aimed thicknesses: been measured in the hard x-ray region (0.154 nm) and from its fit, the thickness of the different layers and thus the superlattice period was determined. The actual period is 7.78 nm, close to the aimed one, 8.0 nm. Such a system, but with a different period, since designed for
x-ray optical applications, has already been characterized [21, 22] . From measurements of reflectivity in the hard x-ray and extreme UV regions, of soft x-ray magnetic resonant reflectivity, and of x-ray emission and nuclear magnetic resonance spectroscopies, it was found that the interfaces were abrupt.
Results and discussion
We show in Figure 2 corresponding emitted radiation and corresponding superlattice period. This corresponds to the intercept of the Kossel cone in the detection direction. Owing to the low collected intensity and to the lack of angular resolution, the structures toward large detection angles at an angle corresponding to the second Bragg diffraction order are difficult to observe. The intensities become higher for the lowest photon energies, 807.6 and 1332 eV, since the photoionization cross-sections are larger toward the absorption edge. We also note that the shape of the curves is not very sensitive to the incident photon energy. This is why we do not present curves measured at the highest excitation energies. In Figure 3 , we also compare the simulations obtained from the theoretical model [8] with the measurements. The simulations are performed assuming a perfect stack, i.e. without roughness or interdiffusion and without capping layer. No geometrical factor, compensating the variation of the imprint of the incident beam on the sample as a function of the grazing angle [23] , has been taken into account since this correction is generally significant only for the very small angles. The initial theoretical data are convoluted with an angular window to account for the instrumental broadening [23] . Moreover a shift of the experimental curves of 0.8° has been considered in order to put the peak at the same position as in the simulated curves. This can be explained by the uncertainty on the angle between the incidence and detection directions, which should be introduced in the simulation calculations. If the Regarding the second factor, we note that the primary radiation is s-polarized and the secondary fluorescence radiation undergoing Bragg diffraction can be decomposed into two linear components of s-and p-type in an appropriate reference frame. From the theoretical point of view this decomposition is not a simple task. This complicated operation should be similar to the one employed by Maradudin and Mills for modelling of the scattering by surface roughness [24] . However, we did not perform it in our simulations. In the framework of our model we have calculated the scattering cross-sections of the s-polarisation of the primary radiation towards the s-and p-polarisation of the secondary fluorescence radiation.
We found that they are practically the same. Since the factors depending on the geometry affecting these two channels (primary s -> secondary s and primary s -> secondary p) are different and unknown, there remains in our simulations an element source of uncertainty.
Conclusion
Diffraction under Bragg condition by superlattices of soft-x-ray fluorescence excited by synchrotron radiation is reported. The Kossel diffraction, applied generally to the study of single crystals, is extended to the case of periodic multilayers. We show that this technique is workable in the soft x-ray range. Moreover, it can complement GIF owing to the large glancing incidence angle, leading to a small footprint of the incident beam on the sample and allowing a localized analysis, depending on the size of the probe beam.
In this proof of principle study, it was possible to approximately reproduce the GEF curves from a periodic Co/Mg multilayer by assuming a perfect stack. This confirms the sharpness of the interfaces in this system. However, a better agreement between experiment and simulation will be obtained by using correct optical indices and by taking into account the capping layer and polarization effects. In order to avoid or minimize the problem coming from the variation of the optical indices as a function of the incident energy, it would be better, if possible, to work with a characteristic emission whose energy is far from the energy of the involved core level.
This study demonstrates that periodic multilayers designed for the extreme UV and soft x-ray regions can play the role of Bragg reflector for the spontaneous emission generated within the structure. This opens the way for using them as optical cavity for stimulated emission in this spectral domain. Indeed, it is well known from the work by Purcell [25] , that the optical cavity affects the transition rate, leading to a suppression or enhancement of the spontaneous emission : the so-called Purcell effect. The control of the spontaneous x-ray emission excited by electrons was discussed in the framework of the Purcell effect in Ref. [26] .
This work may have an impact in a number of x-ray techniques and sources, from characterization of the multilayer structure to soft-x-ray radiation sources : x-ray distributed feedback laser (XDFL) [27] or x-ray free electron laser (XFEL) oscillator [28] . Concerning the last point, let us emphasize that soft-x-ray stimulated fluorescence has been recently observed from silicon solid target with pumping by an XFEL [29] . It is reasonable to guess that such a stimulated fluorescence radiation pumped by XFEL could undergo Kossel diffraction in a way similar to the spontaneous one as reported in this paper, opening the way to the realization of an XDFL as proposed by several scientists in the seventies [27, 30] . We have calculated [31] that a single XFEL bunch at 57.4 eV delivered by a facility such as FERMI is appropriate to stimulate the Mg L 2,3 emission (corresponding to the 3s-3d -> 2p 1/2,3/2 transition) at 49 eV in a Mg/SiC multilayer superlattice forming the distributed laser cavity.
The choice of SiC as spacing layer instead of Co (as in this work) is governed by different reasons, in particular the need to decrease the absorption in the structure. The laser gain threshold is estimated to be around 79 10 3 cm -1 . We are convinced that combining superlattices as laser cavity with XFEL for pumping should lead to soft-x-ray DFL in the near future. Implementing the Bragg or Kossel diffraction in the optical scheme of an XFEL oscillator [28] could be envisaged in the soft-x-ray domain although the peak reflectivity of multilayer mirrors in this spectral domain remains relatively low (a few ten percents) compared to the one of "ultimate" crystals for the hard-x-ray range [32, 33] .
